Bacterial interactions in the biological network affect the growth of Bifidobacterium. In the present study, five habitats were constructed by changing animals, their health statuses and their diets. In each of these habitats, different networks of Bifidobacterium were outlined through correlation analysis of the 50 most dominant microbes. Thirty-eight bacterial genera directly correlated with the growth of Bifidobacterium, including 23 genera with a positive correlation and 15 genera with a negative correlation. This study presented, to our knowledge, a new biological network of rodent gut Bifidobacterium under various representative habitats. This study shows an in vivo network of Bifidobacterium, thereby contributing to constructing an in vitro network of Bifidobacterium for further studies.
INTRODUCTION
Gut microbiota is very complex in humans or rodents, and it survives in the gut as a biological network (Denou et al. 2009 ).Gut microbiota in the biological network alternates owing to various factors, such as age, diet, pathological states and medication, and diet being the major factor among them (Turnbaugh et al. 2009; Sanchez et al. 2013) . Bifidobacteria, most of which can be considered as a probiotics first isolated from the feces of a healthy breast-fed infant by Tissier, harnessing nutrients in the gut of a healthy human (Oyetayo and Oyetayo 2005) , have major implications on human health in the biological network. Various biological functions of bifidobacteria have been reported, such as immune regulation, anti-tumor activity, anti-pathogenic action, anti-inflammation, anti-aging activity, and hypolipemia, thereby being significantly associated with human health (Fijan 2014; Hidalgo-Cantabrana et al. 2017; Papizadeh et al. 2017; Ruiz et al. 2017; Bai, Behera and Bruner 2018) .
In the biological network, enteric bacteria including Bifidobacterium, mainly obtain energy from indigestible food debris, such as complex dietary polysaccharides or oligosaccharides (Bouhnik et al. 1999; Macfarlane, Steed and Macfarlane 2008; Turnbaugh et al. 2009 ). These complex carbohydrates cannot be digested in the stomach and are absorbed in the small intestine; however, they can be metabolized by gut bacteria (Bouhnik et al. 1999; Macfarlane, Steed and Macfarlane 2008) . For instance, fructo-oligosaccharide (FOS) can be utilized by bifidobacteria and promote their growth Bouhnik et al. 1999) . Numerous studies have reported factors that benefit the growth of Bifidobacterium (Bouhnik et al. 1999; González-Rodríguez et al. 2013; Salazar et al. 2015) , which relatively reflect what nutrients it required. However, millions of bacteria adhere to the gut wall, and all of them form a biological network and display different metabolic characteristics from those growing individually in in vitro fermentation (Freilich et al. 2011; Ventura et al. 2012 ).
In our previous study, we reported that Bifidobacterium cannot always be sustained at high levels in obese rats continuously consuming FOS over a long term . However, no studies have investigated the underlying reason. We believe that the reason might be the biological network that Bifidobacterium lives in. Microbial interactions in the biological network would affect the growth of specific group of bacteria, such as bifidobacteria (Zeng et al. 2017) . Therefore, the biological network of Bifidobacterium requires investigation before studying its growth dynamics in the gut. This study aimed to investigate the biological network of Bifidobacterium through a series of animal experiments.
MATERIALS AND METHODS

Animals
The animals were maintained under standard laboratory conditions with a 12-h light-dark cycle with artificial light (7:00-19:00) and with ad libitum access to food and water. All animal procedures and protocols were performed in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals and approved by the Committee of Jinan University.
Five animal experiments including rats and mice were performed in this study: (i) batch 1: 20 obese rats and 20 normal rats with a high-soybean fiber diet (Group FibLr and Group FibOr, 10 for each) or a high-FOS diet (Group FosLr and Group FosOr, 10 for each) ; (ii) batch 2: 18 obese rats consuming a high-FOS diet with catechin at various doses (Group FosCOr, 6 for each) and six obese rats consuming a high-FOS diet (control group, Group FosOr, 6 for each) (Zheng et al. 2017) ; (iii) batch 3: 24 rats with acute intestinal inflammationon diets with 10% of starch replacement with β-glucan (GluLr), guar gum (GuarLr), soybean protein (ProLr), or not (StaLr) ( Table 1) . Dextran sulfate sodium solution (DSS, 3%) was administered as drinking water to induce acute intestinal inflammatory symptoms prior to feeding rats the diets mentioned above (Wang et al. 2017) ; (iv) batch 4: 24 normal mice with the diets of 10% of starch replacement with β-glucan (GluLm), guar gum (GuarLm), soybean protein (ProLm), or not (StaLm) ( Table 1) ; (v) batch 5: 24 mice with colon cancer with diets of 10% of starch replacement with β-glucan (cGluLm), guar gum (cGuarLm), soybean protein (cProLm), or not (cStaLm) ( Table 1) . Mice with colorectal cancer were generated through an alternate administration of 2.5% DSS solution and 10 mg/kg azoxymethane (AOM) (Thaker et al. 2012) . Among them, fresh feces of Group FibLr, FosLr, FibOr, FosOr, FosCOr, GluLm, GuarLm, ProLm, StaLm, cGluLm, cGuarLm, cProLm and cStaLm were individually collected at the end of the experiments using sterilized tweezers; the small intestinal and cecal contents of Group GluLr, GuarLr, ProLr and StaLr were collected after the rats were euthanized. All animals were fed in accordance with their controlled diets for one month.
MiSeq sequencing of the V3 region of 16S rDNA
Bacterial 16S rDNA sequences were analyzed in accordance with our previous reports (Zheng et al. 2017) .
Fecal, small intestinal and cecal bacterial DNA was extracted using TIANamp Stool DNA kit (Tiangen, Beijing, China) in accordance with the manufacturer's instructions. The primers P1 and P2 (ACTCCTACGGGAGGCAGCAG and GGACTACHVGGGTWTC-TAAT) correspond to positions 338F to 806R in bacterial 16S rDNA were used to amplify the V3-V4 region of each fecal sample, through PCR. Reactions were performed in triplicate: 20 μL mixture containing 4 μL of 5× FastPfu Buffer (TransGen Biotech, Beijing, China), 2 μL of 2.5 mMdNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of FastPfu Polymerase and 10 ng of template DNA. PCR reactions were run in a thermocycler PCR system (ABI GeneAmp R 9700, USA). The PCR cycling conditions were as follows: 3 min of denaturation at 95
• C followed by 27 cycles of 30 s at 94
• C, 30 s at 55
• C and 45 s at 72
• C, with a final extension at 72
• C for 10 min.
Amplicons were extracted from 2% agarose gels and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) in accordance with the manufacturer's instructions and quantified using QuantiFluor -ST (Promega, Beijing, China). Purified amplicons were pooled in equimolar and paired-end sequenced (2 × 250) on an Illumina MiSeq platform in accordance with the standard protocols.
Bioinformatics analysis of sequencing data
Raw fastq files were demultiplexed, quality-filtered using the Quantitative Insights into Microbial Ecology software (version 1.9.1) with the following criteria: (i) The 300 bp reads were truncated at any site receiving an average quality score <20 over a 50-bp sliding window, discarding the truncated reads that were shorter than 50 bp; (ii) exact barcode matching, 2 nucleotide mismatches in primer matching, reads containing ambiguous characters were eliminated; (iii) only sequences that overlap for more than 10 bp were assembled in accordance with their overlapping sequence. Reads which could not be assembled were excluded. Operational taxonomic units were clustered with 97% similarity cutoff, using U search (version 7.1, http://drive5.com/ uparse/), and chimeric sequences were identified and excluded using UCHIME. The taxonomy of each 16S rDNA sequence was analyzed using RDP Classifier (http://rdp.cme.msu.edu/) against the silva (SSU123) 16S rRNA database, using a confidence threshold of 70% (Amato et al. 2013 ).
Spearman's rank correlation coefficient of the top 50 dominant genera was calculated using Mothur. A network of the dominant genera (P < 0.05) correlating to the target genus (Bifidobacterium) was generated and induced into Cytoscape (www.cytoscape.org) for visualization (Shannon et al. 2013) .
RESULTS
Effect of FOS on the network of rat gut Bifidobacterium
Batch 1 was used to investigate the network changes of Bifidobacterium in normal or obese rats between the alterations of two different diets. In total, there were 5142 037 and 5287 249 effective sequences detected in the feces of the normal and obese rats, respectively. Twenty and 27 of the top 50 genera directly correlated with Bifidobacteria in the normal and obese rat colons, respectively (Fig. 1) . In these networks, 18 genera of bacteria were shared, among which, only Bilophila was negatively correlated with Bifidobacterium, while the others presented a positive correlation. Seven more genera negatively affected the growth of Bifidobacterium including Akkermansia, Alistipes, Dehalobacterium, Marvinbryantia, Prevotella, Ruminococcus and Streptococcus in the obese rats. The rest of the bacterial genera in the networks were positively correlated with Bifidobacterium.
Catechin shaping the network of rat gut Bifidobacterium
Batch 2 was assessed to investigate the network change of Bifidobacterium in obese rats that consumed a high-FOS diet supplemented with or without catechin, a substance that functions to reduce body weight. Totally, 541 226 sequences were used for analysis among all detected sequences. Thirteen of the top 50 genera in batch 2, directly correlating with Bifidobacterium, were detected (Fig. 2) . Among them, four genera, which were [Eubacterium], Parabacteroides, Akkermansia and Prevotella, were negatively correlated.
Different polysaccharides shaping the network of rat gut Bifidobacterium under acute intestinal inflammation
The experiment of batch 3 was conducted to investigate the network change of Bifidobacterium in acute intestinal inflammatory rats consuming diets with different carbohydrates. There were 879 344 and 903 354 effective sequences detected in small intestinal and cecal contents. In these networks of Bifidobacterium, the Lactobacillus and Coriobacteriaceae in small intestine and the Lachnoclostridium and Blautia in cecum were positively correlated, while the Romoutsia in small intestine and the Paraprevotella in cecum were negatively correlated (Fig. 3) .
Effect of different polysaccharides on the network of mouse gut Bifidobacterium under colorectal cancer
Batches 4 and 5 were assessed to investigate the network change of Bifidobacterium in normal and colorectal cancer mice consuming diets with different carbohydrates. The numbers of effective sequences for batch 4 and 5 were 1040 660 and 1052 076, respectively. In the Bifidobacterium networks in batch 4, those bacteria including Dorea, Prevotella, Bilophila, Odoribacter and Clostridium negatively affected the Bifidobacterium, while the others, including Lactobacillus, Coprobacillus, [Prevotella] and Allobacum positively affected (Fig. 4A) . With respect to the networks of Bifidobacterium in batch 5, three genera of bacteria, Allobaculum, Lactobacillus and Robinsoniella, were positively correlated to Bifidobacterium, while only the Desulfovibrio presented the opposite (Fig. 4B) .
DISCUSSION
Several recent studies have attempted to infer correlations in biological network between microbes (Mao et al. 2015) . It is essential to determine whether a relationship between microbes is cooperative or competitive relationship by investigating the interaction among members of a microbiota and assessing the co-occurrence and co-exclusion of members indifferent habitats, using correlation analysis. In the present study, five habitats were built by changing animals, their health statuses and their diets. Under these habitats, different networks of Bifidobacterium were outlined through correlation analysis of the 50 most dominant microbes. All networks presented in this study revealed a positive or negative correlation among various bacteria with Bifidobacterium regardless of habitat. Furthermore, interventions including prebiotic such as FOS were conducive to form a large network of Bifidobacterium, wherein the population of other bacteria directly correlated to its growth (Figs 1 and 2) . However, relatively simple networks were obtained in animals with sickness (Figs 3 and 4B) . It is understandable that FOS can provide energy for many species after being degraded by Bifidobacterium and some other bacteria (Watson et al. 2013; Mao et al. 2015; Lima et al. 2017) . Furthermore, the production of short-chain fatty acids inhibited some other species owing to the utilize FOS (Arboleya et al. 2013; Rodríguezcarrio et al. 2017) . Moreover, competition, metabiosis and commensalism among gut microbiota (Thiele, Heinken, Fleming 2013) was complex owing to easily fermentable FOS. However, the disintegration of colonic ecology by DSS or/and AOM (which were initially used to generate the model of acute intestinal inflammation and the model of colorectal cancer) and the absence of reliable carbon sources made the bifidobacteria and their counterparts could not grow and adhere well to the colon wall (Ventura et al. 2012) . Hence, a simple network of Bifidobacterium was found in the gut of sick animals.
Some biological networks of Bifidobacterium were constructed in vitro to explore its growth dynamics (Sonnenburg, Chen and Gordon 2006; Denou et al. 2009; Trosvik et al. 2010 ); this is valuable to investigate the in vivo growth dynamics of Bifidobacterium. In the networks generated in previous studies, a direct interaction occurred between Bifidobacterium and Escherichia coli (Denou et al. 2009) . Unlike this result, we cannot find correlation between Bifidobacterium and Escherichia (the genus which E. coli belonged) in the current study, though the technique we used did not allow to infer to the taxonomical level of 'species'. The present results demonstrated an in vivo biological network of Bifidobacterium on which an in vitro more realistic mesocosm of Bifidobacterium can be constructed for further studies.
Most genera negatively correlate to Bifidobacterium, such as Akkermansia (Liu et al. 2016) , Parabacteroides and Alistipes (Bateroidetes) (Foley, Cockburn and Koropatkin 2016) , Marvinbryantia (Mao et al. 2015) , Prevotella (Wu et al. 2011) , Ruminococcus (Jose et al. 2017; Zheng et al. 2017) and Streptococcus (Watson et al. 2013; Petersen et al. 2017) , have been reported to be capable of hydrolyzing dietary fibers (DFs). This may be the result of a competition of DFs between Bifidobacterium and those negatively correlated bacteria mentioned above during their growths. It was also found that other genera such as Bilophila, Odoribacter, Clostridium and Desulfovibrio negatively correlated with Bifidobacterium, and they might be inhibited owing to the metabolites of Bifidobacterium. A previous study reported that Lactobacillus was also negatively correlated to Prevotella (Lukens et al. 2014) , which could well support our finding that Lactobacillus and Bifidobacterium were positively correlated. Besides the Lactobacillus, 22 more genera were also found to be positively correlated to the Bifidobacterium in all networks. Sonnenburg, Chen and Gordon (2006) reported that bifidobacteria affected gut microbiota by inducing cytokine (IFN-γ ) secretion to reduce host antibacterial proteins such as Reg3γ (regenerating islet-derived-3γ ) and Pap (pancreatitis-associated protein). Turroni et al. (2014) reported that the expression of sortase-dependent pili of bifidobacteria contributes to the formation of heteroaggregates regulating gut microbiota. Thus, further studies are still warranted to further investigate the dynamic interactions between genera to reveal why and how these genera grow cooperatively without competition.
CONCLUSION
Thirty-eight bacterial genera directly correlated with the growth of Bifidobacterium, including 23 genera with a positive and 15 genera with a negative correlation. Previous studies on in vitro-simulated network of Bifidobacterium have not reported on any of these aspects. The present study presented a new network of rodent gut Bifidobacterium under various representative habitats. The present findings contribute to the formation of an in vitro network of Bifidobacterium for further studies.
